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Abstract- Epoxy-multiwall carbon nanotube nanocomposite 
thin  films  were  prepared  by  spin  casting.  High  power  air 
plasma was used to preferentially etch a coating of epoxy and 
expose the underlying carbon nanotube network. Scanning 
electron microscopy (SEM) examination revealed well 
distributed and spatially connected carbon nanotube network 
in both the longitudinal direction (plasma etched surface) and 
transverse direction (through-thickness fractured surface). 
Topographical examination and conductive mode imaging of 
the  plasma  etched  surface  using  atomic  force  microscope 
(AFM) in the contact mode enabled direct imaging of 
topography and current maps of the emdedded carbon 
nanotube network. Bundles consisting of at least three single 
carbon nanotubes form part of the percolating network 
observed under high resolution current maps. Predominantly 
non-ohmic response is obtained in this study; behaviour 
attributed  to  less  than  effective  polymer  material  removal 
when using air plasma etching. 
I. INTRODUCTION 
 
The addition of carbon nanotube fillers into an insulating 
polymer matrix leads to the formation of polymer 
nanocomposites with electrical and electromechanical 
properties that can be specifically tailored for a wide range 
of unique applications. Potential applications for these 
materials include electromagnetic shielding, pressure and 
strain sensors, electrodes, and electrostatic dissipation. A lot 
of the research work aimed at understanding the properties 
and associated mechanisms of these materials has focused 
largely on bulk properties [1-5]. Only a few reports 
concentrate on examining properties of polymer 
nanofiber/nanotube nanocomposites at the micro- and nano- 
meter scale [6-8].    Understanding the interaction of 
nanoparticles and polymer matrices, structural and transport 
property characteristics at the nano- and micro- meter range 
is crucial to exploring their full potential in various 
applications. 
Electron and probe microscopy have proved to be 
excellent tools for the microscopic study of materials 
properties. Trionfi et al. [6-8] have recently employed the 
conductive atomic force microscope to study electrical 
percolation  in  carbon  nanofiber  –  polyimide 
nanocomposites and to image networks of single walled 
carbon nanotube in a SWCNT/polyimide composite [6]. The 
ability to image filler networks at high resolution is 
important in studying the role of nanoscopic features such as 
individual carbon nanotubes (CNTs), CNT-CNT direct 
contact junctions, inter-tube polymer layers and polymer- 
CNT junctions in determining overall composite properties. 
In this work, electron and probe microscopy techniques are 
employed to study the electrical and electromechanical 




II.   METHOD 
 
Chemical  vapour  deposition  (CVD)  synthesized 
MWCNTs were used as supplied. The purity of the 
MWCNTs was more than 99.5%, diameter was between 30 
– 70 nm while the length ranged from 4 - 6µm, with an 
aspect ratio of ~100. The epoxy chosen for this study was 
Araldite® GY 191, an unmodified diglycidyl ethyl of 
Bisphenol A (DGEBA) epoxy resin, cured using 
Triethylenetetramine (TETA) both supplied by CG 
Composites, Australia. The conductivity of resin hardener 
system at 25
o




, while that of the MWCNTs 
ranges from 5 x 10
3 





Polymer nanocomposite samples with MWCNT content 
between 0 - 3%wt were prepared. Epoxy resin and curing 
agent in the ratio 100:4 was shear mixed for 30 s using a 
planetary shear mixer.  The correct weight of MWCNT was 
added  and  the  mixture further  shear  mixed  for  60  s.  A 
mixing speed of 2000 rpm was used in both cases. 
Epoxy/MWCNT nanocomposite films with thickness about 
150-170 µm were obtained by spin casting on nano mould 
release coated glass slides and cured for 2 hours at 70
o
C. 
Thin film macro-level volume resistivity test samples with a 
surface area of 15 x 6 mm
2  
were cut from the cured 
epoxy/MWCNT samples. In order to expose the underlying 
MWCNT network in the longitudinal surface direction, 
similar sized composite films were etched using air plasma, 
with plasma power of 140W for 3mins. The etched surface 
was examined using SEM and AFM. 
Scanning Electron Microscopy (SEM) was achieved by 
using an FEI Quanta 200 Environmental scanning electron 
microscope. Samples were mounted on SEM stubs using 
carbon tape and then sputter coated with a thin layer of gold 
to avoid charging during imaging. Parameters used for SEM 
imaging of the nanocomposite samples were; accelerating 
voltages of 30kV, a spot size of 2-3 and a working distance 
of between 8-10 mm. Images were recorded at multiple sites 
to assess the dispersion, homogeneity and possible 












Thin film bulk resistance measurements were made using 
an Agilent 34401A multimeter. Topography and conductive 
AFM measurements were performed in air using an NT- 
MDT Solver P47. Contact (CSG11/Pt/20) PtIr coated probes 
with a tip diameter of 35nm and resonant frequency 14 kHz 
were   used.   C-AFM   measurements   were   obtained   by 
applying bias voltage between the sample and tip, with a 
bias voltage of 50mV for samples with 3 wt% CNT content. 
Samples were attached to standard voltage measurement 
sapphire substrate using conductive silver paste. Electrical 
contact was verified by taking resistance measurements 
between bottom electrode and top surface using the Agilent 
34401A  multimeter.  Local  I-V  curves  were  obtained  on 
selected conductive regions using voltage sweeps between - 
0.5V and +0.5V. 
 
 












Figure 1: SEM images of (a) epoxy-3% MWCNT composite 
showing un-etched side. The nanotube network is covered with 
polymer, making if difficult to image the CNTs. Marked section 
shows some exposed CNTs. (b) plasma etched sample showing 
exposed nanotube network. This indicates successful preferential 
etching of the matrix, exposing the CNTs. Scale bar in both (a) 
and (b) represents 20µm. 
 
 
Table 1.  Conductivity for 2 and 3wt% CNT samples etched for 
up to 300s 
 
Fig. 1 shows SEM image of the unetched glass side for a 




σ(Sm-1) % increase σ(Sm-1) % increase 
shown the air plasma etched side. In Fig. 1, there is no 
evidence of nanotube network, apart from two protruding 
CNT-like ends at the marked point. The lack of nanotube 
network-like structure in Fig. 1 indicates that the nanotubes 
are confined within the film body, possibly due to 
preferential wetting of glass by the uncured resin at the film 
fabrication stage. In contrast, Fig. 2 clearly shows a well 
dispersed nanotube structure and reveals a connected 3-D 
network spanning the entire image. This image is 
representative of images taken at different locations of the 
etched film. 
The covering of nanotube network by a polymer layer 
makes it difficult to assess nanotube structure and dispersion 
on the surface of the film. To investigate the influence of 
this polymer covering on the electrical properties, the 
electrical conductivity of samples with 2 and 3% etched for 
up to 300s was assessed. The results are presented in Table 
1. It can be seen that for both 2 and 3% wt composites the 
electrical conductivity increases with etching time, with up 
to 70% increase in conductivity recorded. This result may 
be attributed to better electrical contact between electrodes 
and conducting CNT network for the etched samples. 
Etching  away  a  thin  layer,  up  to  about  80nm  from  the 
surface reduces the polymer layer induced high contact 
resistance at the composite-electrode junction. These results 
imply  that  composite  electrical  conductivity  usually 
assessed by electrode contact with as fabricated 
nanocomposite film leads to less than actual assessment of 
nanotube   contribution   to   overall   properties,   with   the 
polymer layer resistance dominating at the electrode 
junction. The increase in resistance with etching time was 
also proof that etching preferentially removed a polymer 
layer, leaving CNTs exposed on the surface. 
0 2.70 0.00 14.36 0.00 
 
120 3.37 24.93 18.25 27.16 
 
180 3.92 45.17 20.23 40.94 
 
240 4.20 55.15 24.29 69.22 
 




Fig. 2 shows topographical AFM image for unetched (a) 
and  etched  (b)  surface  of  3%  wt  CNT  composite.  The 
images were taken in contact mode. Nanotube-like 
topographical details can be clearly seen in Fig. 3(b) while 
such features are absent in Fig 3(a). Roughness analysis 
from ten 15μm x 15μm scans taken at different locations 
gave a roughness of 16.53±2.32nm before the air plasma 
etch.  After  the  plasma  etch,  the  roughness  increased  to 
31.25±4.32nm, further  evidence that  the  air  plasma  etch 













Figure 2. (a) AFM topography image of unetched 3% composite, no 
evidence   of   nanotube   like   structures   can   be   seen,   (b)   AFM 
topography image of etched surface shows nanotube like features. 
Scale bar is 1µm in both cases and the scans are 15µm x 15µm. 
 
Applying a bias voltage of 50mV between the sample and 
the tip, we attempted to image the current maps in the 3% 




Figure 3.  5μm x 5μm (a) AFM topography scan and (b) current map, 
nanotube like feature at top right corner of (a) is missing in (b) indicating 
this nanotube is not part of the percolating network in this nanocomposite 
with 3% wt CNT. The current maps were obtained using a 50mV bias 
voltage. Scale bar is 0.5 μm. 
AFM. Fig 3 shows good correlation between the nanotube 
like features in the topography scan (a) and the current scan 
(b). Fig 3(a) has a nanotube like feature near the top right 
corner  that  is  missing  in  (b).  For  current  maps  to  be 
observed on the top surface of the film, a single nanotube or 
nanotube bundle must either span the whole thickness of the 
film or be part of a percolating network connecting the 
bottom and top surface of the film. The multi wall carbon 
nanotubes  used  for  this  study  had  average  diameters  of 
about 50nm and length of about 5μm while the 
nanocomposite thin film samples used for electrical 
characterization had a thickness of 160μm. In this case, it is 
not possible for a single nanotube or nanotube bundle to 
span the thickness of the film. The observed nanotube in the 
current map is therefore most likely part of a percolating 
network of nanotubes. The nanotube present in topography 
scan and missing in the current map is not part of this 
percolating network. 
A topography and current scan using a scan area of 1μm x 
1μm revealed features that suggest that some of the features 
seen as single CNTs may actually be bundles of nanotubes. 
This is seen in Fig 4(a) and (b). A 1D line curve of the 
section indicated by an arrow in Fig (4) shows three peaks 
as opposed to one peak (70nm height)   in the case of the 














Figure 4. A high resolution 1μm x 1μm image shows a 'split' feature in the 
current map, indicated by an arrow in (b). In (a) a continuous nanotube is 
observed, a line image for these the shown part had three different peaks 




Figure 5. Representative I-V curves obtained at two different 
points on the current maps of the Fig. 3(b). Similar non-ohmic 
curves were obtained at several other points along the nanotube 
 
 
In the study by Trionfi et al. [8] undulations along the axis 
of the nanofibres were observed in both the topography scan 
and current maps. The authors in this case postulated that 
the undulations may be attributed to polymer regions bound 
onto the nanofibre. In our case the undulations observed run 
along the length of the nanotube-like features which may be 
an indication that the single feature observed in Fig 4(a) is 
most likely a bundle consisting at least three single 
nanotubes. 
A series of I-V curves were taken using a voltage scan 
from -0.5V to +0.5V for the 3% wt composite. 
Representative I-V curves are presented in Fig. 5. For all the 
I-V curves that were obtained, the non-ohmic behavior 
presented  in  Fig  5  was  observed.  In  [8],  predominantly 
ohmic behaviour was reported for samples of polymidie – 3 
vol % carbon nanofiber composites and a higher proportion 
of non ohmic curves in samples with 0.35 vol % nanofiber. 
A line scan of exposed nanotubes in the topography image 
gave total height of exposed part of nanotube as 70-80nm, 
which  is  the  upper  range  of  the  diameter  of  carbon 
nanotubes used in this study. This indicates that the exposed 
CNTs still have some layer of polymer attached, despite 
prolonged etching of 3 minutes. Going by this observation, 
the observed non ohmic I-V curves may be attributed to 
high tunneling resistance at the sample-tip junction. The 
observation of only non-ohmic curves also implies that the 
in our case, air plasma etch, even for prolonged durations of 
time may not be the best method to expose CNT networks 
for micro scopic studies of the electrical properties. In the 
work  of  Trionfi  et  al.  [8],  where  predominantly  ohmic 
curves were obtained, oxygen plasma etching for short 





We  have  characterized  the  electrical  properties  of  thin 
films of epoxy – multiwall carbon nanotubes containing up 
to 3% wt MWCNTs. The bulk conductivity of the polymer 
nanocomposites   increased   by   up   to   70%   when   the 
underlying CNT network that was exposed using air plasma 
  
etching, giving an indication of the dominance of the 
polymer coating at the surface of the material. It was 
observed that for both 2 and 3% wt composites the electrical 
conductivity increases with etching time, with up to 70% 
increase  in  conductivity  recorded.  Undulations  running 
along the length of the nanotube-like features observed in 
current maps at high resolution indicated that the nanotubes 
existed as bundles of several nanotubes rather than single 
nanotubes forming part of the percolating network. 
Predominantly non-ohmic I-V curves led us to conclude that 
air plasma etching, even for prolonged durations was not 
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